PDB Reference: histone deacetylase homologue-trifluoromethylketone inhibitor complex, 2gh6, r2gh6sf.
Introduction
Histone deacetylase (HDAC) inhibitors are a promising new class of anticancer compounds that target key steps of tumour development. They exhibit antiproliferative activities (Bouchain & Delorme, 2003) , induce differentiation and/or apoptosis (Marks et al., 2000) and show potent antimetastatic (Liu et al., 2003) and antiangiogenic (Qian et al., 2006) properties. Furthermore, clinical trials indicate that HDAC inhibitors are well tolerated and exhibit clinical activity against a large number of human malignancies (Johnstone, 2002; Rosato & Grant, 2003; Villar-Garea & Esteller, 2004) . Very recently, the first HDAC inhibitor (SAHA, Zolina) has been approved for the treatment of cutaneous T-cell lymphoma (CTCL). To date, a variety of HDAC inhibitors from various structural classes have been discovered (Monneret, 2005) . Structural information on inhibitor-enzyme complexes, however, is only available for hydroxamic acids, e.g. suberoyl anilide hydroxamic acid (SAHA) or trichostatin A (TSA) (Finnin et al., 1999; Vannini et al., 2004; Somoza et al., 2004; Nielsen et al., 2005) . Thus, structure-based design and molecular modelling studies are still rather limited.
Here, we describe the first crystal structure of a nonhydroxamate HDAC inhibitor in complex with a bacterial class 2 HDAC homologue, FB188 HDAH , which serves as a good model for class 2 HDACs (Nielsen et al., 2005; Riester et al., 2004) . The HDAC inhibitor (Wada et al., 2003) belongs to the class of trifluoromethyl ketones that has previously been reported to comprise potent inhibitors not only of HDACs but also of enzymes as diverse as human neutrophil elastase (Cowan et al., 2000) , phospholipases (Koutek et al., 1994) and hormone esterases (Kamita et al., 2003) . The structure of the complex is compared with a structure of FB188 HDAH with a hydroxamate inhibitor, which we recently solved to high resolution (Nielsen et al., 2005) .
Materials and methods
2.1. Expression, purification, crystallization and structure determination HDAH was expressed and purified as described previously and crystallized under identical conditions to those reported by Nielsen et al. (2005) (see Table 1 ). The obtained crystals were soaked with the inhibitor added in molar excess directly to the drop for at least 48 h, followed by a quick soak in a cryosolution consisting of the mother liquor with 20% glycerol before mounting the crystals in the X-ray beam. Data were collected to a resolution of 2.21 Å using a rotatinganode generator (see Table 1 for data statistics). The structure was determined by the molecular-replacement method with MOLREP (Vagin & Teplyakov, 1997) using the known HDAH structure (PDB code 1zz1) and the energy-minimized structure of the inhibitor (obtained with PRODRG; Schü ttelkopf & van Aalten, 2004) was fitted into the extra density. There are four molecules in the asymmetric unit. This structure was refined with REFMAC (Murshudov et al., 1997) 2 , where I is the observed intensity and hIi is the average intensity for multiple measurements. ‡ R factor = 100 Â P jF o j À jF c j = P jF o j, where F o and F c are the observed and calculated structure factors, respectively. R free is the crossvalidation R factor calculated for 5% of the reflections omitted during the refinement process. § Calculated with PROCHECK (Laskowski et al., 1993) .
Figure 1
Stereoview of the active site of HDAH with the two different conformations of the O atom in 9,9,9-trifluoro-8-oxo-N-phenylnonanamide. The 9,9,9-trifluoro-8-oxo-Nphenylnonanamide is shown in orange and the Zn ion in magenta. The electron-density map shown is an |F o À F c | OMIT map, which is contoured at 3.
Figure 2
Stereoview of a superposition of the active site with two different inhibitors. The Zn ion is shown as a magenta sphere. The amino acids in the active site are shown in stick mode. The active site of HDAH with 9,9,9-trifluoro-8-oxo-N-phenylnonanamide bound is coloured orange and the hydrogen bonds to the two O atoms are shown as red dashes, whilst the active site of HDAH with SAHA bound (PDB code 1zz1) is coloured purple with the hydrogen bonds from the two O atoms shown as black dashes. The distances depicted in the figure are for the SAHA complex (for clarity, only one set of numbers is shown); the corresponding distances for 9,9,9-trifluoro-8-oxo-Nphenylnonanamide can be found in Table 2 . The hydrogen-bond distances are from one of the molecules in the asymmetric unit; however, the distances found in the other complexes are similar.
The fluorogenic HDAC assays and the standard HDAC assays with rat liver HDAC were performed as described previously Wegener et al., 2003; Riester et al., 2004) .
Synthesis of HDAC inhibitors
All chemicals were purchased from Sigma (Taufkirchen, Germany). Suberoyl anilide hydroxamic acid (SAHA) was synthesized according to standard methods (Bouchain & Delorme, 2003) . 9,9,9-Trifluoro-8-oxo-N-phenylnonanamide was synthesized by first reacting 100 mmol of the corresponding acid in 500 ml dichloromethane (DCM) with 300 mmol (COCl) 2 for 2 h at room temperature. The acyl chloride product mixed with 1 ml DCM was collected after centrifugation and extracted three times with 0.5 ml DCM. Next, a mixture of 0.8 mmol pyridine in 1 ml Et 2 O was prepared at 255 K and combined with 0.6 mmol trifluoroacetic anhydride. This mixture was reacted with the acyl chloride for 2 h at room temperature. Products were extracted twice with DCM and the combined extracts were evaporated under reduced pressure. The products were dissolved in a small amount of DMSO and purified by reversed-phase HPLC using a 250 Â 10 mm C18 column (Jupiter, Phenomenex, Aschaffenburg, Germany), eluted with methanol and dried in vacuo. The product was more than 90% pure with a yield of 60%. LC-MS (ESI) data were used to confirm the expected molecular mass.
Results and discussion

Overall structure
The structure of HDAH bound to the inhibitor 9,9,9-trifluoro-8-oxo-N-phenylnonanamide shows only minor differences compared with that of HDAH without inhibitor bound. As observed previously, a Zn ion is found in the active site of HDAH; however, the occupancy of this Zn ion is only 50% (Nielsen et al., 2005) . The inhibitor is well defined in the electron density, except for the ring region, which appears to be too flexible to be observed (see Fig. 1 ). Interestingly, the 9,9,9-trifluoro-8-oxo-N-phenylnonanamide inhibitor adopts two conformations in the crystal, where one of the conformations is likely to correspond to the Zn-free enzyme and the other conformation corresponds to the situation where the Zn ion is bound (see Figs. 1 and 2 for representations of the two different conformations). This is based on the observation that the occupancy of the inhibitor is higher than the occupancy of the Zn ion. When setting the occupancy of the inhibitors to the same value as the Zn ion, strong positive electron density above 3 is found in the |F o À F c | map.
Comparison with the SAHA structure
A superposition of the presented structure with the two different conformations of 9,9,9-trifluoro-8-oxo-N-phenylnonanamide bound to HDAH and the structure of HDAH with SAHA bound (Nielsen et al., 2005) reveals that the inhibitors bind in similar ways (Fig. 2) . The amino acids in the active site from the two different structures superimpose well. The O atom in 9,9,9-trifluoro-8-oxo-N-phenylnonanamide in the two different conformations adopts the binding mode of the two O atoms in the head group of SAHA, but slightly displaced (see Fig. 2 and Table 2 for exact distances). Whereas SAHA makes additional contacts with His142, His143 and Tyr312, the 9,9,9-trifluoro-8-oxo-N-phenylnonanamide inhibitor complex is stabilized by interactions between the three head-group fluorides and the protein. The amino acids from HDAH involved in the coordination of the inhibitor, the particular atoms and the distances are listed in Table  2 . From the superposition in Fig. 2 , it is clear that the amino acids in the active site do not undergo major conformational changes upon binding either of the inhibitors; the adaptation of the head group mainly arises from displacement of the water molecules which would otherwise occupy the space. As mentioned, the major differences in the interactions between HDAH and either SAHA or 9,9,9-trifluoro-8-oxo-N-phenylnonanamide are found in the head group. The majority of the contacts in the complex between HDAH and 9,9,9-trifluoro-8-oxo-N-phenylnonanamide are made to amino acids which are well conserved in both class 1 and class 2 enzymes. However, some exceptions are found. F atom F1 interacts with Tyr312, Pro140 and a well defined water molecule. Pro140 is only conserved in class 2 enzymes but is not found in class 1 enzymes. An inhibitor contact to this amino acid could favour selective binding to class 2 enzymes. Tyr312 and Lys43 coordinate the well defined water molecule. Lys43 is not a conserved amino acid and is often substituted by hydrophobic amino acids in the other enzymes (alignment data not shown), which could make the coordination of the water molecule in the other enzymes weaker. Table 2 Overview of the contacts made by the O atom and the three F atoms of the head group in 9,9,9-trifluoro-8-oxo-N-phenylnonanamide. Figure 3 Structures of (a) 9,9,9-trifluoro-8-oxo-N-phenylnonanamide and (b) SAHA.
Table 3
Inhibition of HDAH and rat liver HDAC by SAHA and 9,9,9-trifluoro-8-oxo-Nphenylnonanamide.
IC 50 (mM) Inhibitor FB188 HDAH RL HDAC † 9,9,9-Trifluoro-8-oxo-N-phenylnonanamide (Fig. 3a) 11.19 AE 2.50 39.66 AE 1.26 SAHA (Fig. 3b) 0.95 AE 0.06 0.0096 AE 0.001 † Rat liver HDAC (a mixture containing predominantly HDAC1, 2 and 3; Riester et al., 2004). 3.3. Inhibition of FB188 HDAH by SAHA and 9,9,9-trifluoro-8-oxo-N-phenylnonanamide Inhibition of HDAH by SAHA and 9,9,9-trifluoro-8-oxo-N-phenylnonanamide was measured in standard fluorogenic HDAC assays as described previously Riester et al., 2004; Wegener et al., 2003) . IC 50 values are depicted in Table 3 . SAHA exhibited a significantly more pronounced specificity for the rat liver enzyme (a mixture containing predominantly HDAC1, 2 and 3; Riester et al., 2004) , with an IC 50 value in the lower nanomolar region, compared with HDAH (IC 50 = 0.95 mM). In contrast, 9,9,9-trifluoro-8-oxo-N-phenylnonanamide showed a slight selectivity for HDAH (IC 50 = 11.19 mM) compared with the rat liver enzyme (IC 50 = 39.66 mM). These values are in good agreement with published data for 9,9,9-trifluoro-8-oxo-N-phenylnonanamide measured for a partially purified HDAC preparation consisting primarily of HDAC1 and HDAC2 from the nuclear extract of K562 cells (IC 50 = 6.7 mM; Frey et al., 2002) .
Implications for future drug design
The first structure of a trifluoromethylketone inhibitor in complex with a histone deacetylase-like enzyme not only reveals details of the inhibitor-enzyme interaction, but also provides hints on how to modify existing trifluoromethylketone inhibitors while keeping all existing contacts to the enzyme or even generating new interactions. Possible positions for further derivatization include substitutions of the C atoms following the active-site binding carbonyl. Substitutions at these sites may stabilize the adjacent carbonyl group against metabolic attack, which is known to generate the inactive trifluoromethyl alcohol analogues as major metabolites of trifluoromethyl ketones (Frey et al., 2002; Veale et al., 1997) . In this way, metabolic instability as a major drawback of trifluoromethyl ketones could possibly be mitigated.
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